Acute radiation exposure refers to the delivery of high doses of radiation in periods of time on the order of days or less. Acute radiation exposure of human beings can occur through accidents, criminal activity, or acts of war. This report reviews the expected health impacts of exposures to people delivered at high dose rates. Two major variables needed to predict outcomes in people are the amount of radiation dose and its distribution in time, that is, dose rate and fractionation. Health impacts are categorized by time of appearance after irradiation as early and late effects.
Introduction
This document is a review of the state of the art for estimating early and late health impacts from high dose, acute radiation exposure. There are many technical factors that must be considered to understand the complex nature of exposure to ionizing radiation.
Effects of acute radiation exposures were observed soon after x-rays were discovered in 1895. Subsequently, they have been observed and studies in human populations including workers, medical patients, and members of the public, including the survivors of the 1945 nuclear bombings in Japan.
Radiation has been described as a double-edged sword. On the one hand, radiation itself is a useful tool for research; medical diagnosis and therapy; materials processing; non-destructive testing; sterilization of instruments, pharmaceuticals, food, and mail; and inhibition of sprouting. There are also beneficial technologies that produce radiation and/or radioactive materials as byproducts or concentrate radioactive materials include nuclear propulsion and electric generation; and gas, oil and mineral extraction. Other beneficial technologies enhance concentrations of radioactive materials (buildings concentrate radon) or expose people to radiation levels above background (air travel).
On the other hand, radiation exposures, especially at high levels, can lead to increased frequencies or severities of various adverse health effects.
The goal of this review is to present dose response relationships (DRRs) to use in estimation of potential impacts from events that deliver acute radiation doses to people. This paper does not address the effects of radiation doses delivered over long periods of time (months or years).
General Considerations
Irradiation is the process of exposing something to radiation. Irradiation can occur to all or part of the body, and can be relatively uniform or highly non-uniform. Radiation from sources outside of the body, including radioactive materials on the skin, produces external irradiation, while radioactive materials taken into the body produce internal irradiation. 1 2.1 Radiation Dose, Dose Rate, Fractionation, and Linear Energy Transfer (LET) In the infancy of radiological science, there was a struggle to devise ways of measuring the "quantity of radiation," often with the goal of making images on film. Today we specify "quantity of radiation" as absorbed dose, measured in grays (unit symbol: Gy), where 1 Gy is one joule of ionizing radiation energy deposited in one kilogram of absorber (International Commission on Radiation Units and Measurements (ICRU) 1998).
2 Unless otherwise specified, "dose" in this document refers to absorbed dose.
One historically important measure of "quantity of radiation" is ionization in air, traditionally measured in roentgens (unit symbol: R) and termed "exposure." In this specialized radiological sense, exposure "free in air" (FIA) 3 can be related to absorbed dose by 1 R = 0.00876 Gy or 1 R = 8.76 mGy. The radiological quantity "exposure" is limited to external irradiation by x-ray or gamma radiation sources. Exposure can only be specified and measured in air. Exposure cannot be used for neutrons or charged particles such as beta particles or alpha particles, so it cannot be used for intakes of radioactive materials.
In addition to "quantity of radiation," many other properties of radiation affect the biological response of living organisms. The rate at which absorbed dose is delivered is termed absorbed dose rate, and is measured in grays per hour (unit symbol: Gy/h). Radiation tends to produce the maximum biological damage per unit absorbed dose if the dose is delivered in a very short time, seconds or minutes. Such a dose would be delivered at a very high absorbed dose rate. If irradiation is protracted enough to permit some repair during irradiation, that is, if the absorbed dose rate is lower, then there is less biological damage per unit absorbed dose. Alternatively, if a given dose is delivered in fractions separated in time by hours or days, there is generally less damage per unit absorbed dose.
Different kinds of charged particles produce different amounts of ionization as they traverse matter. Charged particle radiations, such as beta, proton, or alpha particle radiation, directly ionize atoms and molecules. Uncharged particle radiations, such as x and gamma radiation and neutrons, set in motion charged particles, called secondary radiation, in the matter with which they interact.
Alpha particles are densely ionizing, as are high-speed "knock-on" protons produced by fast neutron collisions with hydrogen nuclei. Beta particles and the electrons set in motion by x and gamma radiation are sparsely ionizing. Densely ionizing radiation is far less penetrating in tissue than sparsely ionizing radiation. The penetrating power of a particular kind of radiation, generally specified in tissue, is inversely related to the linear energy transfer (LET) of charged particles, or the LET of the secondary charged particles liberated by uncharged particles.
Thus, radiation dose, dose rate or duration of irradiation, dose fractionation, and LET must be specified to understand health effects.
The term LD 50 refers to the lethal dose that kills 50% of those exposed to that dose. Sometimes one sees LD 50-60 , the lethal dose that kills 50% of those exposed to that dose within 60 days. The LD 50-60 is appropriate for the bone marrow (hematopoietic) syndrome, discussed below.
Effect Modifiers and Exposure Routes
Once dose, dose rate, fractionation, and LET are understood, other effect modifiers that must be considered. These include kind and degree of medical care, uniformity of irradiation, age at exposure, sex, genetic susceptibility, adaptive response, and other effect modifiers such as position in the cell cycle, trauma, chemical exposure, and infection.
Exposure routes include external irradiation, and irradiation following inhalation or ingestion of radioactive materials, and dermal contact with radioactive materials.
Three Categories of Radiation Effects in Human Beings: Somatic, Heritable Genetic, Teratogenic
We divide the health effects of ionizing radiation into three categories.
Somatic Effects
Somatic effects are effects occurring in the exposed person, that, in turn, may be divided into two temporal classes.
Early or Prompt Health Effects
Early or prompt effects are observable soon after a large or acute dose (for example, 1 Gy or more to the whole body within a few hours), but include the various radiation syndromes that may extend for months.
Late or Delayed Health Effects
Late or delayed effects, such as cancer, cataract, cardiovascular disease, and radiodermatitis may occur years after exposure to radiation.
Heritable Genetic Effects
Heritable genetic effects are abnormalities that may occur in the future children of exposed individuals (mother or father) and in subsequent generations.
Teratogenic Effects
Teratogenic effects are developmental effects that may be observed in children who were exposed during the fetal and embryonic stages of development (that is, effects to unborn children who were exposed in the womb). One can argue that these are somatic effects, but they are usually discussed separately. Table 1 is a chart of radiation doses and effects from tiny, trivial doses to doses that literally result in heating. Following the deliberate contamination of mail with anthrax spores in the fall of 2001, mail destined for selected U.S. Government offices began to be irradiated using electron beams (Castle et al. 2003) . The dose needed for reasonable assurance of killing virtually all anthrax spores is higher than many doses routinely used in industry. However, at very high doses of radiation delivered at high dose rates, the repair mechanisms themselves may be damaged or they may be overwhelmed. In these cases, severe injury and even death may occur.
Important concepts include the repair and misrepair of damage to DNA. At low dose rates, repair may keep up with damage. At higher dose rates, repair by normal repair mechanisms may fall behind, and other, lower-fidelity repair mechanisms may be induced, resulting in a greater proportion of misrepair.
Somatic Effects (Effects to the Body of the Exposed Individual)
Somatic effects are further divided into two groups, deterministic effects and stochastic effects.
Certainty or Deterministic Effects
Health effects whose severity depends on radiation dose (usually with a threshold) and dose rate are called deterministic effects 4 . None 5 of the deterministic effects is seen below 0.2 Sv or 0.2 Gy low-LET radiation.
Random (Stochastic) Effects
Health effects whose frequency of occurrence in a population (rather than whose severity) depends on radiation dose and dose rate, such as cancer and heritable ill-health, are called stochastic effects. There are no "mild" cases of cancer, whether radiation-induced or not, so its frequency of occurrence in a population is of interest.
For most stochastic effects, there is probably no threshold dose.
None of the stochastic effects seen at late times after irradiation is unique to radiation -all can occur in the absence of radiation exposure.
Examples of stochastic effects include cancer, non-cancer effects, heritable ill-health (altered genes in germ cells prior to procreation, also known as genetic effects), and perhaps some teratogenic effects.
Sources of Information
A great deal of information is available on health effects of ionizing radiation.
The National Academy of Sciences has published several reports on the biological effects of ionizing radiation (BEIR), focusing primarily on low-LET radiation (National Research Council 1990) or on radon (Committee on the Biological Effects of Ionizing Radiation (BEIR VI) 1998) or radon and other alpha emitters (Committee on the Biological Effects of Ionizing Radiation (BEIR VI) 1998; National Research Council 1988).
The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) has published reports on sources and effects, with annexes focusing on high dose effects (UNSCEAR 1993), adaptive response (Annex B) (UNSCEAR 1994), hereditary effects (Annex G) (UNSCEAR 1993) and (UNSCEAR 2002) , and cancer (most reports).
The National Council on Radiation Protection and Measurements (NCRP) has recently reviewed low-dose cancer risks (NCRP 2001a; NCRP 1997) , and provided a series of studies of high dose effects in the context of space travel (NCRP 2002; NCRP 2001b; NCRP 1989) .
The International Commission on Radiological Protection (ICRP) has reviewed high-dose effects in the context of medical irradiation (ICRP 2003; ICRP 2002b; ICRP 2002a; ICRP 2000b; ICRP 2000a) , and has reviewed prenatal irradiation (ICRP 2003) .
The U.S. Nuclear Regulatory Commission (NRC) has undertaken extensive studies of health effects in support of its regulatory functions (USNRC 1989; USNRC 1990; USNRC 1991; USNRC 1993; Evans, Moeller, and Cooper 1985; Evans et al. 1993; Haskin et al. 1997a; Haskin et al. 1997b; Little et al. 1997a; Little et al. 1997b ).
Two general textbooks stand out (Hall 2000; Mettler and Moseley, Jr. 1985) , and there are available on the World Wide Web two military medicine textbooks that contain treatment options (Walker et al. 1989; North Atlantic Treaty Organization 1996) . In particular, the NATO Field Manual contains nine specific treatment regimes as a function of dose, and covers decontamination (http://www.vnh.org/MedAspNBCDef/toc.htm ).
Concerning treatment, in March, 2003, the Department of Health and Human Services, Centers for Disease Control (CDC) published an "Acute Radiation Syndrome Fact Sheet for Physicians" (http://www.cdc.gov/nceh/radiation/factsheets/AcuteRadSyndrome.pdf ) that has specifics and a good readable summary of all of the radiation syndromes except pulmonary. CDC also has casualty management documents for dispersal of radioactive materials and nuclear detonations (http://www.bt.cdc.gov/radiation/pdf/casualtiesradioactive.pdf and http://www.bt.cdc.gov/radiation/pdf/casualtiesdetonation.pdf ). Baylor College of Medicine has a Disaster Preparedness for Radiation Accidents site (http://radefx.bcm.tmc.edu/ionizing/ionizing.htm#Disaster ) with many dose-response entries.
It must be emphasized that those interested must download, print, and study these resources before there is any urgent need for them, since there may be no electricity and no access to the Internet if there is a disaster involving high doses of radiation.
Deterministic Effects
Deterministic effects may occur at a variety of doses and at a variety of times after (and perhaps during) irradiation. Twenty symptoms and conditions are discussed below. In addition, five radiation syndromes plus the prodromal syndrome are discussed in the following chapter. The syndromes are collections of symptoms and conditions that have been seen in individual human beings or animals that can result in death.
Deterministic Symptoms and Conditions
Deterministic symptoms and conditions observed in irradiated human populations are listed in Table 2 , along with two prominent stochastic effects. The threshold doses in Table 2 are very approximate; more details on thresholds are given later in this document. Whether the significant dose-related increases in heart disease, stroke, digestive diseases, and respiratory diseases reported in Report 13 of the Life Span Study are stochastic or deterministic effects remains to be determined (Preston et al. 2003 Examples of deterministic radiation effects with dose ranges are shown in Table 3 (Mettler and Moseley, Jr. 1985) . The NCRP conclusions are presented in 
Radiation Linear Energy Transfer
The biological consequence for a given absorbed dose varies with radiation linear energy transfer (LET). This is expressed as the relative biological effectiveness (RBE) of a given radiation relative to x-rays. Strictly speaking, RBE is an outcome of a particular endpoint (e.g., a specific type of cancer) of an experiment comparing the effects of two different kinds of radiation on a particular species under particular conditions of irradiation, and is not necessarily generalizable to a different endpoint, different species, or different irradiation conditions. RBEs tend to be higher for lower doses of radiation, and tend to diminish for higher doses (above 1 Gy). Such effects have been clearly seen in human survivors of criticality accidents, and have been experimentally reproduced in burros (Thomas and Brown 1961 By analogy, the quality factor, Q, or radiation weighting factor (w T ) that relates dose equivalent or equivalent dose, respectively, to absorbed dose is related to LET, and is a surrogate for RBE in radiation protection at low doses. Since RBE is observed to be higher for higher LET, quality factors are defined in terms of LET (Table 6) .
For this work, absorbed dose, rather than any of the equivalent dose or effective dose quantities, is used, and doses are quoted in grays (Gy).
Dose and Its Distribution in Time
For prompt and delayed sub-lethal effects, the higher the dose is, the sooner the response will occur, the more severe the response will be, and the greater the fraction of irradiated persons experiencing the response will be. The classic review by the NCRP of dose, dose rate, and dose fractionation (delivering a dose in several separate irradiations) is still current (NCRP 1980) . The NCRP concluded that, if irradiation takes place for times that are longer than the repair times for the kinds of cells and tissues irradiated, a greater dose is needed to produce a given effect. Since such repair times are in the range of 1 to 24 hours, irradiations that take place over periods of hours or days are likely to have less effect per unit dose than irradiations that take place in seconds or minutes. The survivors of the nuclear bombings in Japan in 1945 received 90% of their dose within 5 seconds, regardless of the distance from the hypocenter (Glasstone and Dolan 1977) (p. 341) . Thus, those irradiations were essentially complete before any repair processes could begin.
On the other hand, many orphan source accidents have involved irradiation periods of hours, days, or even weeks, e.g., the 60 Co accident in Mexico in 1962 (Andrews 1963 ). In such cases, one would expect significant repair of radiation damage during the exposure.
The effect of a given dose is strongly dependent on dose rate and dose fractionation. This can be expressed as a dose-and dose rate-effectiveness factor (DDREF) (NCRP 1980; National Research Council 1990) . High dose rates are more effective per unit dose than low dose rates ( Reciprocal translocation 5-10 5-7 5
Life shortening 3-10 3-5 4 Tumorigenesis 2-10 2-5 4 Table 8 . LD 50 values (Gy) digitized from graphs in Haskin et al. (1997) as a function of dose rate and degree of medical treatment Figure 1Figure 1 shows a dramatic difference, almost 2-fold, in the LD 50 values between minimal medical treatment and supportive medical treatment with growth factors, as determined by the expert elicitation in Haskin et al. 1997 . These data are given in Table 8 .
Uniformity of Irradiation
People may receive fairly uniform whole-body irradiation, as was the case for many of the Japanese survivors of the nuclear bombings in World War II. However, non-uniform irradiation is seen in many accidents or medical procedures, or following intakes of many radionuclides.
External irradiation can be highly non-uniform if parts of the body are much closer to a small source than other parts. If a person unknowingly puts a radioactive source in his pocket, for example, local doses can be many orders of magnitude greater than the average whole body or bone marrow dose. Similarly, collimated beams of radiation may be present either deliberately, as with medical x-ray machines and linear accelerators, or inadvertently, as in many accidental situations.
Inhalation of insoluble alpha-and beta-emitting radioactive materials may lead primarily to irradiation of the lung.
Dermal contact with beta-emitting radioactive materials that remain in contact with the skin for extended periods of time may result predominantly in irradiation of the skin.
Intakes of some radionuclides, e.g., most chemical forms of 3 H (tritium), or radioactive alkali metals (e.g., Na, K, Rb, Cs) may result in highly uniform irradiation. Intakes of other radionuclides may result in very non-uniform irradiation, as is the case with bone-seeking radionuclides like Ca, Sr, Ba and Ra. Transuranics like Pu and Am preferentially irradiate bone and liver. The radioiodines and technetium are concentrated in the thyroid, which then receives much larger doses than other tissues and organs. Soluble uranium leads to relatively large doses to the kidneys.
Clinicians must deal with non-uniform or partial-body irradiation based on symptoms, rather than on average doses. Often dose estimates are not available in time to guide treatment of highdose irradiation victims.
Age at Exposure
Age at exposure is an important effect modifier for acute irradiation, but there is a paucity of data on age-dependence for early health effects. One can conclude only that the very young and the elderly will experience most deterministic symptoms at somewhat lower doses than healthy people between ages 20 and 65.
Developmental abnormalities are significant only for those who are developing, so irradiation of the embryo, fetus, newborns, infants, children, and adolescents can have effects that irradiation of adults cannot, as reviewed in Annex I of UNSCEAR 1993. Results of studies of children who were in utero at the time of irradiation by the nuclear detonations in Japan in 1945 have clearly shown the highest risk of severa mental retardation between weeks 8 and 15 of gestation, somewhat lower risks from weeks 16 through 25, and lower risks before and after these times (Annex H, UNSCEAR 1993).
Age is a key variable for the late effect of carcinogenesis, with those irradiated as children suffering higher risks than those irradiated as adults. In particular, there was an epidemic of over 1000 excess thyroid cancers in persons who were children when they were exposed to the radioiodine releases from Chernobyl, but little, if any, thyroid cancer in adults (Heidenreich et al. 2000; Jacob et al. 1998 ).
Sex
Sex doesn't emerge as a key effect modifier for early health effects, but does make a big difference for cancer susceptibility. In particular, the female breast is a highly radiosensitive tissue (ICRP 1991) , and the female thyroid is twice as sensitive to radiation carcinogenesis as the male thyroid (NCRP 1985) .
Genetic Susceptibility
Some individuals have inherited deficient mechanisms of DNA repair, and such persons are more susceptible to ionizing radiation both for early effects and for late effects.
Adaptive Response
The phenomenon of adaptive response is well-established for some cellular endpoints (Annex B) (UNSCEAR 1994). Typically, an experimental group is irradiated with a small "priming dose" hours or days before being irradiated with a large "challenge dose." There is clear evidence of up-regulation of DNA repair processes following priming doses on the order of 0.1 Gy (10 rads), and that this enhanced repair may persist for days or perhaps weeks, depending on the experimental system. However, at this time, there is no firm evidence that a priming dose, say, the day before a large challenge dose, would affect the dose-response relationships for hematopoietic syndrome.
3.2.9 Other Effect Modifiers: Cell Cycle, Trauma, Chemical Exposure, Nutrition, Infection For cell-killing, cell sensitivity to radiation depends on where a cell is in its cell cycle. In a typical organism, cells are randomly distributed throughout the cell cycle (Hall 2000) , so this effect is not generally seen in mature organisms.
Chemicals can affect cell sensitivity to radiation killing (Annex H) (UNSCEAR 2001). Oxygen sensitizes, while free radical scavengers protect (Hall 2000).
Trauma or infection will clearly complicate radiation injury, and may lower the dose at which symptoms appear (Anno and Bloom 2002 
Death as a Result of Deterministic Health Effects of Radiation
As a health outcome, death may be the result of any of five acute radiation syndromes. These are • the bone marrow or hematopoietic syndrome • the gastrointestinal (GI) syndrome • the cerebrovascular syndrome • the pulmonary syndrome, and • the cutaneous syndrome. Each of these syndromes is preceded by prodromal symptoms (Hall 2000) .
Additionally, death may occur from high-dose partial body irradiation that results in necrosis or desquamation that leads to infection.
In 1906, a decade after the discovery of radiation, Bergonie and Tribondeau stated that radiation is "...more effective on cells which have a greater reproductive activity; the effectiveness is greater on those cells which have a longer dividing future ahead, on those cells the morphology and function of which is least fixed." In other words, cells and tissues that are undifferentiated or rapidly growing or both are the most radiosensitive.
Radiation therapy for cancer works on this principle, since cancer cells are more rapidly dividing than non-cancerous tissue, they can be killed by radiation while sparing the more slowlygrowing non-cancerous tissue. The hematopoietic and gastrointestinal radiation syndromes can be understood on this principle. "Death is caused by the depletion of the stem cells of a critical self-renewal tissue: the epithelium of the gut or the circulating blood cells, respectively" (Hall 2000) . The cutaneous syndrome can also be understood this way. However, according to Hall (2000) , "[t]he exact cause of death in the cerebrovascular syndrome is by no means clear."
Dose-Response Relationships (DRRs) for Hematopoietic Syndrome Mortality
The lowest-dose radiation syndrome that can result in death is the hematopoietic syndrome. It results in what is commonly termed "bone marrow death." The hematopoietic syndrome is characterized by granulocytopenia, thrombocytopenia, hemorrhage, infection, and electrolyte imbalance.
After acute irradiation, death, if it occurs from hematopoietic syndrom, will take place within 60 days. If irradiation occurs at lower dose rates, survival may be longer.
Beginning in 1997, a joint European Commission/U.S. Nuclear Regulatory Commission published reports on uncertainty in health effects modeling for both early (Goossens and Harper 1998; Haskin et al. 1997b ) and late (Little et al. 1997b ) radiation effects. The results of these studies are based on the equally-weighted averages of estimates elicited from an international panel of experts. Figure 2 shows graphs displaying the threshold for mortality, the LD 10 , the LD 50 , and the LD 90 , with each central value shown with 5% and 95% confidence limits (horizontal bars), as a function of dose rate from 0.2 Gy/h to 100 Gy/h. The data in this series of figures were digitized from the graphs in Haskin et al. 1997 Figure 3 . Plots from the NRC/EUR uncertainty analysis of fatality rate (no medical care) from hematopoietic syndrome for 0.2, 1, 10, and 100 Gy/y dose rates. Left hand graphs are plotted on a logarithmic dose scale; right hand graphs on a linear dose scale. Each point has "equal weighting" estimates of the lower 5%ile and upper 95%ile confidence limits from the panel of experts. Data digitized from graphs in (Haskin et al. 1997b ).
The most recent review of LD 50 values based only on human data was done by Anno (Anno et al. 2003) , but these do not include uncertainty. These results are shown in Table 10 and Figure 3 . Figure 4 . Fatality rate from hematopoeitic syndrome following acute radiation exposure (adapted from Anno et al. 2003) . LD 50 is 4.14 Gy for no medical care, and 1.5× higher (6.21 Gy) for mass casualties with medical care. These are lognormal distributions with GSDs of 1.381. 
Gastorintestinal Syndrome
The gastrointestinal (GI) syndrome is characterized by lethargy, diarrhea, dehydration, degeneration of bowel epithelium, and death in 10-14 days (NCRP 1989) .
Following acute irradiation, death from the gastrointestinal (GI) syndrome will take place within days to a few weeks. Hall states that the GI syndrome does not cause death "until 5 to 10 days after irradiation." There is no human experience with the GI syndrome at lower dose rates.
LD 50 values for the GI syndrome from Haskin et al. 1997 are shown in Figure 5 and Table 11 . Even if people survive the GI syndrome, they still face the hematopoietic syndrome. Figure 6 . LD 50 values for gastrointestinal (GI) syndrome lethality at 4 dose rates and 3 levels of medical treatment: minimal, supportive with growth factor, and supportive without growth factor. 5% and 95% confidence limits are shown for the minimal medical treatment only. Plotted from digitized data displayed in Haskin et al. 1997 Figure 7 . LD 50 for mortality from beta lung exposure and D 50 for morbidity from beta lung exposure. Digitized data from graphs in Haskin et al. 1997 . 95% confidence values are highly skewed due to estimates of one of seven experts.
Pulmonary Syndrome
The pulmonary syndrome was presented in (Evans et al. 1993) and was analyzed by the joint EC/USNRC expert group (Haskin et al. 1997a; Haskin et al. 1997b) . The pulmonary syndrome is further divided into exposures from alpha and beta emitters.
Following acute irradiation, death from the pulmonary syndrome will take place within days (extremely high doses) to months.
Source in Haskin et al. (1997) Table 12 . LD 50 for mortality from beta lung exposure and D 50 for morbidity from beta lung exposure. Digitized data from graphs in Haskin et al. 1997 The 95% confidence values displayed in Figure 6 and Table 12 are strongly skewed upward due to very high estimates by one of the seven experts. The experts' numbers are plotted in Figure 7 , taken directly from Haskin et al. 1997 .
In Annex G of (UNSCEAR 1993), the ED 50 for radiation pneumonitis is about 9.5 Gy in medical irradiation cases. The "equal weight" average of three experts' estimates of the alpha particle absorbed dose rate to lung that would cause 50% mortality was 0.0011 Gy/h, with a 5% confidence value of 0.000228 Gy/y and a 95% conficence value of 0.00414 Gy/h (Haskin et al. 1997b ).
Cutaneous Syndrome
The cutaneous syndrome, has recently been named, and it may exist along with the others if skin doses are very high (Gottlober et al. 2001; Peter 2002; Peter 2002; Peter, Steinert, and Gottlöber 2002) . Such high skin doses in the absence of lethal whole-body irradiation are possible from weakly-penetrating beta-emitting radioactive material on the skin, and are known as "beta Table 13 . Selected Skin and Tissue Effects of Acute Exposure (< 1 day) (USNRC 1989) burns." There is some disagreement on whether the cutaneous syndrome constitutes a separate syndrome, but there is no doubt high-dose, deterministic radiogenic skin injury complicated the treatment of many of the high-dose casualties at Chernobyl and some have suggested that, absent the cutaneous injury, fewer Chernobyl first-responders would have died.
Death from the cutaneous syndrome could result in days or longer, depending on other conditions, such as dose rate and medical care.
The top half of Table 14 shows doses and confidence intervals for acute ulceration from 24-hour beta skin irradiation as a function of percent of skin exposed. There is no effect of percent of skin exposed. The bottom half of Table 14 shows doses required to produce 10%, 50%, and 90% acute ulceration when 40% of skin is irradiated, with lower and upper confidence intervals (digitized from Haskin et al. 1997 Table 14 . Acute ulceration from beta exposure of skin (digitized from Haskin et al. 1997) .
Entries are absorbed dose in grays
There was no consensus among the two experts willing to estimate fraction of persons who would die from 50% acute ulceration of exposed skin following a 24-hour beta skin dose for 40% or 60% of skin exposed, but the three who responded at 20% of skin exposed agreed that mortality would probably be zero and would not exceed 10% (Haskin et al. 1997, Figure 4.13) .
Nor was there consensus among those two experts concerning mortality following 90% acute ulceration of 20%, 40%, or 60% of exposed skin. Central estimates were that mortality would be 16%, 36%, and 75%, respectively, for persons with 90% acute ulceration on the 20%, 40%, or 60% of their skin that was exposed (Haskin et al. 1997, Figure 4.14) .
Cerebrovascular Syndrome
Death from the cerebrovascular (CV) syndrome can occur essentially instantly at very high doses, and from minutes to tens of hours at lower dose rates. Hall (2000) describes two cases that died at 35 and 49 hours after acute irradiation. Unconsciousness may occur within minutes of doses on the order of 100 Gy.
The CV syndrome is characterized by agitation, apathy, disorientation, disturbed equilibrium, vomiting, opisthotonus, convulsions, prostration, coma, and death in 1-2 days (NCRP 1989) .
While life may be prolonged for some time with heroic medical intervention, as in the case of two of the victims of the Tokai-Mura, Japan, criticality accident on September 30, 1999, there is very little chance of surviving an acute whole-body dose of 10 to 20 Gy of mixed neutrons and photons. One victim survived 82 days, the other 210 days, but neither had any quality of life after the accident.
Other Deterministic Health Effects
There are many other deterministic health effects listed in Table 2 that bear brief discussion.
Teratogenesis
Teratogenic (from Greek "terato," monster) effects are effects on unborn children, usually developmental effects. These are all threshold effects.
Teratogenic effects seen in human populations include microcephaly (small skull and brain); mental retardation: a somatic effect whose frequency and severity are dose-dependent; deformities; growth retardation; and miscarriages 4.6.2 Late Noncancer Effects: Heart Disease, Stroke, Digestive Diseases, and Respiratory Diseases "The evidence for radiation effects on noncancer mortality remains strong, with risks elevated by about 14% per sievert during the last 30 years of follow-up. Statistically significant increases are seen for heart disease, stroke, digestive diseases, and respiratory diseases. The noncancer data are consistent with some non-linearity in the dose response owing to the substantial uncertainties in the data. There is no direct evidence of radiation effects for doses less than about 0.5 Sv" (Preston et al. 2003 ).
Impaired Fertility and Temporary or Permanent Sterility
Fertility is affected differently by ionizing radiation in females (Table 15 ) and males ( 
Loss of Pregnancy
Among survivors at Hiroshima and Nagasaki "were possibly as many as 10,000 pregnant women whose greatest risk was the loss of their pregnancy... [T] his risk appears to have been markedly elevated among those women in the first eight weks of pregnancy, but it was also greater than normal among women in the 8-15 week interval" (Annex H, UNSCEAR 1993).
Cataract
Cataracts, or lens opacities, are estimated to occur in 10% of people receiving 2 Gy, 50 % of people receiving 5 Gy, and 90% of people receiving 10 Gy (USNRC 1989) . Cataracts are also seen in excess in former astronauts, who received doses well under 2 Gy but from very high-LET radiation (Cucinotta et al. 2001 
Stochastic Effects
Carcinogenesis and heritable ill-health are the main stochastic effects of concern.
Carcinogenesis
Ionizing radiation is a known, albeit weak, human carcinogen. Based on studies of radium workers including dial painters, underground miners (in particular, uranium miners), survivors of the 1945 nuclear bombings in Japan, medical populations, and other worker populations, doseresponse curves have been formulated.
Cancer is primarily a disease of old age, even when caused by radiation. Radiation carcinogenesis is characterized by a latent period, an interval of time between irradiation and the onset of clinical symptoms. Latent periods are shorter for higher doses. The Life Span Study (LSS) cohort of Japanese nuclear bomb survivors has shown latent periods of 2 to 10 years for leukemia, and 10 or more years for solid tumors.
Radiation carcinogenesis is the subject of many detailed scientific reviews (ICRP 1991; NCRP 2001a; National Research Council 1990; UNSCEAR 2001) . In October, 2003, the 13 th report following up the LSS cohort for solid tumors and non-cancer endpoints through 1997 was published (Preston et al. 2003) .
It is important to realize that there is a significant amount of cancer in human populations in the absence of radiation exposures above background, as shown in Table 17 . Even a real increase in cancer incidence following irradiation may be difficult to detect in the presence of so much nonradiogenic cancer. Nonetheless, some of the cancer deaths in Table 17 are believed to be due to radiation exposures to natural, technologically enhanced, and human-made radiation sources. Cancer incidence data from 1973-1999 were made available in November of (Ries et al. 2002 http://seer.cancer.gov/csr/1973_1999/.
In the LSS cohort of "86, 572 people with individual dose estimates", " [t] here have been 9335 deaths from solid cancer and 31,881 deaths from noncancer diseases during the 47-year followup" (Preston et al. 2003) . The authors estimate that "440 (5%) of the solid cancer deaths and 250 (0.8%) of the noncancer deaths were associated with the radiation exposure. The excess solid cancer risks appear to be linear in dose even for doses in the 0 to 150-mSv range." It is believed that there is an increased risk of childhood malignancies due to in utero irradiation, but that the risk is probably no greater than predicted by the BEIR V Committee (National Research Council 1990).
The mechanisms of radiation-induced cancer are very complex. It is believed that radiationinduced mutation of nuclear DNA leads to transformation, often with genomic instability at later stages. Cancer is usually a multi-stage process, with initiation, promotion, and tumor progression (increasing malignancy with time) being common stages. Radiation is a complete carcinogen, because it can both initiate and promote. Cancer dose-response relationships are relative risk (or multiplicative risk) models, that is, an exposure to radiation increases the risk of cancer relative to the underlying cancer background risk.
Cancer types that have been seen in human beings in statistically significant numbers include • leukemia, especially myeloid; never chronic lymphocytic • solid tumors: bone surfaces, thyroid, liver, lung, breast, stomach, colon, esophagus, skin Table 4 -2 from the BEIR-V report, gives numerical estimates of cancer risks (Table 18) Other, more recent reports, come to nearly the same conclusions for low doses and low dose rates (Eckerman et al. 1999; ICRP 1991; NCRP 2001a; Puskin and Nelson 1994; Puskin, Nelson, and Pawel 1999; UNSCEAR 2001) .
Populations irradiated to high doses at high dose rates have increased risk of cancer incidence and mortality, taken as about 10-20% incidence and perhaps 5-10% mortality per sievert of effective dose of any radiation or per gray of whole-body absorbed dose low-LET radiation. These figures are arrived at by removing the DDREF from the low dose estimates. Cancer risks for non-uniform irradiation will be less.
Chromosome Aberrations
Chromosome aberrations in circulating blood cells are seen at doses as low as 0.1 Gy of low-LET radiation. In some cases, this phenomenon is useful in cytogenetic dosimetry as a retrospective
Conclusions
Absorbed doses above1-2 Gy (100-200 rads) received over a period of a day or less lead to one or another of the acute radiation syndromes. These are the hematopoietic syndrome, the gastrointestinal (GI) syndrome, the cerebrovascular (CV) syndrome, the pulmonary syndrome, or the cutaneous syndrome. The dose that will kill about 50% of the exposed people within 60 days with minimal medical care, LD [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] , is around 4.5 Gy (450 rads) of low-LET radiation measured free in air. The GI syndrome may not be fatal with supportive medical care and growth factors below about 10 Gy (1000 rads), but above this is likely to be fatal. Pulmonary and cutaneous syndromes may or may not be fatal, depending on many factors. The CV syndrome is invariably fatal.
Lower acute doses, or protracted doses delivered over days or weeks, may lead to many other health outcomes than death. These include loss of pregnancy, cataract, impaired fertility or temporary or permanent sterility, hair loss, skin ulceration, local tissue necrosis, developmental abnormalities including mental and growth retardation in persons irradiated as children or fetuses, radiation dermatitis, and other symptoms listed in Table 2 on page 10.
Children of parents irradiated prior to conception may experience heritable ill-health, that is, genetic changes from their parents. These effects are less strongly expressed than previously thought.
Populations irradiated to high doses at high dose rates have increased risk of cancer incidence and mortality, taken as about 10-20% incidence and perhaps 5-10% mortality per sievert of effective dose of any radiation or per gray of whole-body absorbed dose low-LET radiation. Cancer risks for non-uniform irradiation will be less.
Finally, there are many good references on the World Wide Web for treatment of radiation casualties that should be downloaded and printed in advance of any urgent need. An excellent single reference is the March, 2003, CDC "Acute Radiation Syndrome Fact Sheet for Physicians," available at http://www.cdc.gov/nceh/radiation/factsheets/AcuteRadSyndrome.pdf .
